Abstract. We discuss the factors that determine the overall shape and magnitude of the current-voltage (I-V) characteristics of a variety of molecular conductors sandwiched between two metallic contacts. We analyze the individual influences of the contact geometry, the molecular chemistry, the electrostatics of the environment, and charging on molecular conduction. Current conduction depends sensitively on the experimental geometry, as well as on the theoretical model for the molecule and the contacts. Computing molecular I-V characteristics will thus require theoretical understanding on several fronts, in particular, in the scheme for calculating the molecular energy levels, as well as on the position of the contact Fermi energy relative to those levels.
Molecular Conduction: What is the Underlying Physics?
Recently several researchers have measured charge transport in single or small groups of organic molecules connected to metal contacts (Reed et al. 1997 , Chen et al. 1999 , Tian et al. 1998 , Collier et al. 1999 , Reichert et al. 2002 , Dhirani et al. 1997 , Cui et al. 2001 , Porath et al. 2000 , Chen and Metzger 1999 . In parallel, there have been theoretical attempts at understanding molecular conduction, both at the semiempirical (Tian et al. 1998 , Emberly and Kirczenow 1998 , Samanta 1999 , Paulsson and Stafström 2001 , Sautet and Joachim 1988 , Hall et al. 2000 , Yaliraki and Ratner 1998 , Cuniberti, Fagas and Richter 2002 and first-principles (Damle, Ghosh and Datta 2001 , Derosa and Seminario 2001 , Di Ventra, Pantelides and Lang 2000a , Taylor, Guo and Wang 2001 , Palacios et al. 2001 , 2002 , Brandbyge et al. 2002 levels. Understanding molecular conduction is challenging, since it involves not just the intrinsic chemistry of the molecule, but extrinsic factors as well, such as the metal-molecule bonding geometry, contact surface microstructure and the electrostatics of the environment. The aim of this article is to discuss the various physical factors that influence molecular current-voltage (I-V) characteristics, and our attempts to model them both qualitatively and quantitatively.
A typical two-terminal molecular I-V looks like Fig. 1 , often with a clear conductance gap (Reed et al. 1997) . How does one understand such an I-V? The first step is to draw an energy-level diagram, as in Fig. 2 . An isolated molecule has a discrete set of energy levels, with a highest occupied (HOMO) and a lowest unoccupied molecular orbital (LUMO), separated by a HOMO-LUMO gap (HLG). On connecting the molecule to metallic contacts, two changes happen: (i) the discrete molecular levels broaden into a quasicontinuum density of states (DOS) due to hybridization with the metal wave functions. Often the DOS retains a distinct peak structure, in which case it is still useful to think in terms of broadened molecular energy "levels"; (ii) the difference in work functions between the molecule and the metal contact causes charge transfer and band alignment between the two materials. The molecule equilibrates with the contacts with an overall chemical potential set by the metal Fermi energy E F , typically lying inside the HLG. Under an applied bias the molecule tries to equilibrate simultaneously with both contacts with bias-separated chemical potentials µ 1,2 , and is thereby driven strongly out of equilibrium. As long as the bias is small and µ 1,2 lie in the HLG, the HOMO levels stay filled and LUMOs are empty and there is no current. However, when the bias is large enough that either µ 1 or µ 2 crosses a molecular level E MOL , that level is filled (reduced) by one contact and Figure 3 . Self-consistency schemes: (a) for an isolated molecule in equilibrium, one calculates the Fock matrix F starting with a guess density matrix ρ, and fills up the corresponding levels with N electrons to get back ρ; (b) for an open system, the molecular Fock matrix is supplemented with self-energy matrices 1,2 describing coupling with the contacts. An applied bias drives the system out of equilibrium due to two different contact chemical potentials µ 1,2 . The step from F to ρ is different from (a), and is obtained by solving the NEGF equations (Datta 1995). emptied (oxidized) by the other (Fig. 2(a) ) and therefore starts conducting current (Ghosh et al. 2002) . For opposite bias, the same level starts conducting when crossed by the other contact chemical potential (Fig. 2(b) ). The net result is that for a spatially symmetric molecule with symmetrically coupled contacts the total conductance gap is given by ∼4(E F − E MOL ). Molecular conduction thus depends on both the intrinsic molecular chemistry through E MOL and the contact microstructure through E F .
The intrinsic chemistry of an isolated molecule can be handled with sophisticated quantum chemical codes that can be purchased or even downloaded from the Internet. Given an appropriate basis-set (for instance, a minimal STO-3G basis) and an appropriate model for electron-electron interactions (based on firstprinciples density functional, Hartree-Fock or semiempirical Hückel methods), such a code starts with an initial guess density matrix ρ to obtain a Fock matrix F (Fig. 3(a) ). It then fills up the corresponding energy eigenstates with a given number N of electrons according to equilibrium statistical mechanics to reevaluate ρ, recalculates F and so on, until self-consistent convergence. Our molecular system differs in two ways: (i) it is open, with a varying, fractional occupancy of electronic levels; (ii) it is trying to equilibrate under bias with two different contact chemical potentials and is therefore driven strongly out of equilibrium. To solve this problem, we modify the above self-consistent scheme, as shown in Fig. 3(b) . The initial step, solving for the Fock matrix F, is kept unchanged from the usual prescriptions in molecular chemistry. In this step, one can use semi-empirical tight-binding/Hückel-based methods (Hoffman 1963) , or exploit the sophisticated numerical prowess of a standard quantum
